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Abstract. We apply the perturbative chiral quark model at one loop to analyze the
electromagnetic form factors of the baryon octet. The analytic expressions for baryon
form factors, which are given in terms of fundamental parameters of low-energy pion-
nucleon physics(weak pion decay constant, axial nucleon coupling, strong pion-nucleon
form factor), and the numerical results for baryon magnetic moments, charge and
magnetic radii are presented. Our results are in good agreement with experimental
data.
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1 Introduction
The study of the electromagnetic form factors of baryons is a very important
rst step in understanding their internal structure. At present, electromagnetic
form factors and related properties (magnetic moments, charge and magnetic
radii) of the nucleon have been measured precisely, but for the hyperons data
rarely exist with the exception of the magnetic moments. Recently, the charge
radius of the − has been measured [1, 2] and therefore gives a rst estimate of
the charge form factor of the hyperon at low momentum transfers.
In Refs. [3]-[8] we developed the perturbative chiral quark model (PCQM)
for the study of baryon properties: electromagnetic form factors of the nucleon,
low-energy meson-baryon scattering and -terms, electromagnetic excitation of
nucleon resonances, etc. In Ref. [3] the PCQM has been applied to study the
electromagnetic form factors of the nucleon and the results obtained are in good
agreement with experimental data. In this paper we extend the PCQM to study
the electromagnetic form factors of hyperons and give predictions with respect
to future measurements of their magnetic moments, radii and the momentum
dependence of form factors. We proceed as follows. In Sect. 2 we describe the ba-
sic notions of our approach. In Sect. 3 we present the analytic expressions for the
charge and magnetic form factors of the baryon octet. Numerical results for their
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magnetic moments, charge and magnetic radii, and the momentum dependence
of the form factors are discussed in Sect. 4. Sect. 5 contains a summary.
2 The Perturbative Chiral Quark Model
2.1 Effective Lagrangian and zeroth order properties
The following considerations are based on the perturbative chiral quark model
(PCQM) [3, 4]. The PCQM is a relativistic quark model which is based on an
eective Lagrangian Leff = Llininv +LχSB . The Lagrangian includes the linearized
chiral invariant term Llininv and a mass term LχSB which explicitly breaks chiral
symmetry
Llininv =  (x)

i6 @ − γ0V (r) − S(r) (x) + 1
2
[@µ^(x)]2
−  (x)S(r)iγ5 ^(x)
F
 (x); (1)
LχSB = −  (x)M (x) − B2 Tr[^
2(x)M]; (2)
where r = jxj;  is the quark eld; ^ is the matrix of the pseudoscalar mesons;
S(r) and V (r) are scalar and vector components of an eective, static potential
providing quark connement;M = diagfm^; m^;msg is the mass matrix of current
quarks (we restrict to the isospin symmetry limit with mu = md = m^); B is the
quark condensate parameter; and F = 88 MeV is the pion decay constant in
the chiral limit. We rely on the standard picture of chiral symmetry breaking
and for the masses of pseudoscalar mesons we use the leading term in chiral
expansion (i.e. linear in the current quark mass):M2pi = 2m^B, M2K = (m^+ms)B,
M2η =
2
3 (m^ + 2ms)B. Meson masses satisfy the Gell-Mann-Oakes-Renner and




K . In the evaluation we use the
following set of QCD parameters: m^ = 7 MeV, ms=m^ = 25 and B = M2pi+=(2m^)
= 1.4 GeV.
To describe the properties of baryons which are modelled as bound states of
valence quarks surrounded by a meson cloud we formulate perturbation theory.
In our approach the mass (energy) mcoreN of the three-quark core of the nucleon is
related to the single quark energy E0 by mcoreN = 3E0. For the unperturbed three-
quark state we introduce the notation j0 > with the appropriate normalization
< 0j0 >= 1. The single quark ground state energy E0 and wave function (WF),
u0(x) are obtained from the Dirac equation
[−iα ∇+ S(r) + V (r) − E0]u0(x) = 0: (3)
The quark WF u0(x) belongs to the basis of potential eigenstates (including
excited quark and antiquark solutions) used for expansion of the quark eld
operator  (x). Here we restrict the expansion to the ground state contribution
with  (x) = b0u0(x) exp(−iE0t), where b0 is the corresponding single quark
annihilation operator. In Eq. (3) the current quark mass is not included to
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simplify our calculational technique. Instead, we consider the quark mass term
as a small perturbation.
For a given form of the potentials S(r) and V (r) the Dirac equation in Eq. (3)
can be solved numerically. Here, for the sake of simplicity, we use a variational
Gaussian ansatz for the quark wave function given by the analytical form:










where N = [3/2R3(1+32=2)]−1/2 is a constant xed by the normalization con-
dition
R
d3xuy0(x)u0(x)  1; s, f , c are the spin, flavor and color quark wave
functions, respectively. Our Gaussian ansatz contains two model parameters: the
dimensional parameter R and the dimensionless parameter . The parameter 

















where γ = 9gA=10− 1=2. The parameter R can be physically understood as the























In our calculations we use the value gA = 1.25. We therefore have only one free
parameter, that is R. In the nal numerical evaluation R is varied in the region
from 0.55 fm to 0.65 fm, which is suciently large to justify perturbation theory.
2.2 Renormalization of the PCQM and perturbation theory
We consider perturbation theory up to one meson loop and up to terms linear
in the current quark mass. The formalism utilizes a renormalization technique,
which, by introduction of counterterms, eectively reduces the number of Feyn-
man diagrams to be evaluated. For details of this technique we refer to the
Ref. [3]. Here we briefly describe the basic ingredients relevant for the further
discussion. We dene the renormalized current quark masses, m^r and mrs and
the renormalization constants, Z^ and Zs as :






































































For a meson with three-momentum p the meson energy is wΦ(p2) =
p
M2Φ + p2
with p = jpj and FpiNN (p2) is the NN form factor normalized to unity at zero
recoil (p = 0) :














By adding the renormalized current quark mass term to the Dirac equation of
Eq. (3) we obtain the renormalized quark eld  r as :
 ri (x;m
r




i ) exp[−iEr0 (mri )t]; (12)
where i is the flavor SU(3) index. The renormalized single quark WF ur0(x;m
r
i )
and energy Er0 (mri ) are related to the bare expressions u0(x) and E0 as :
ur0(x;m
r
i ) = u0(x) + u0(x;m
r
i ); (13)





















Er0 (mri ) = γmri : (16)
Introduction of the electromagnetic eld Aµ into the PCQM is accomplished
by adding the kinetic energy term and by standard minimal substitution in the
Lagrangian of Eq. (1) and Eq. (2) with
@µ 
r −! Dµ r = @µ r + ieQAµ r; (17)







where Q is the quark charge matrix and fijk are the totally antisymmetric struc-
ture constants of SU(3). The renormalized eective Lagrangian is obtained from
the original one of Eqs. (1-2) by replacing  with  r, adding the counterterms
and by standard minimal substitution. From this we derive the electromagnetic








It contains the quark component jµψr , the charged meson component j
µ
Φ, and the
contribution of the counterterm jµψr :














= [−i@µ+ − +i@µ− +K−i@µK+ −K+i@µK−]; (21)
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jµψr =  





2ur(Z^ − 1)γµur − dr(Z^ − 1)γµdr − sr(Zs − 1)γµsr
i
: (22)
Following the Gell-Mann and Low theorem we dene the expectation value
of an operator O^ for the renormalized PCQM by






i(t1)d4x1:::d4xnT [Lstrr (x1):::Lstrr (xn)O^]j0 >Bc : (23)
In Eq. (23) the superscript B indicates that the matrix elements are projected
on the respective baryon states, the subscript c refers to contributions from
connected graphs only and the renormalized strong interaction Lagrangian Lstrr ,
which is treated as a perturbation, is dened as
Lstrr = LstrI + Lstr ; (24)
where




Lstr is the strong interaction part of the counterterms ( see details in Ref. [3]).
We evaluate Eq. (23) at one loop to the order o(1=F 2) using Wick’s theorem
and the appropriate propagators. For the quark eld we use a Feymann prop-
agator for a fermion in a binding potential. By restricting the summation over
intermediate quark states to the ground state we get
iGψ(x; y) = < 0jT f (x) (y)gj0 >
= u0(x)u0(y) exp[−iE0(x0 − y0)](x0 − y0): (26)
Up to the order of accuracy we are working in, it is sucient to use Gψ(x; y)
instead of Gψr (x; y) using the renormalized quark elds. For the meson elds we
use the free Feymann propagator for a boson with






M2Φ − k2 − i
: (27)
3 Electromagnetic form factors of the baryon octet
We dene the electromagnetic form factors of the baryon in the Breit frame,
where gauge invariance is fullled [3]. In this frame the initial momentum of the
baryon is p = (E;−q=2 + ∆), the nal momentum is p0 = (E;q=2 + ∆), and
the four-momentum of the photon is q = (0;q) with p0 = p + q. For identical
baryons we have ∆ = 0. With the space-like momentum transfer squared given
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as Q2 = −q2 = q2, we dene the Sachs charge GBE and magnetic GBM form

























Here, J0(0)and J(0) are the time and space components of the electromagnetic
current operator; Bs and 
y
Bs0
are the baryon spin WF in the initial and nal
states; σB is the baryon spin matrix. Electromagnetic gauge invariance both on
the Lagrangian and the baryon level is fullled in the Breit frame [3].
At zero recoil (q2 = 0) the Sachs form factors satisfy the following normal-
ization conditions:
GBE(0) = QB; G
B
M (0) = B; (30)
where QB and B are charge and magnetic moment of the baryon octet, respec-
tively.
The charge and magnetic radii of baryons are given by






























(t)d4xd4x1 : : : d4xne−iqx













(t)d4xd4x1 : : : d4xne−iqx
 T [Lstrr (x1) : : :Lstrr (xn)jr(x)]j0 >Bc : (34)
The relevant diagrams contributing to the charge and magnetic form factors are
indicated in Fig. 1. In the following we give the analytical expressions for the
respective diagrams.























are the leading-order (LO) terms of the three-quark





is a correction due to the modication of the quark WF u0(x) ! ur0(x;mri )
























































































































































and " = mrs/m^
r. The constants aBi and b
B
i are given in Table 1 and Table 2
respectively. When using isospin symmetry we use for mB, the baryon
masses, following values
mN = mp = mn = 0:938 GeV; (44)
mΣ = mΣ = mΣ0 = 1:189 GeV; (45)
mΛ = 1:115 GeV; (46)




(mΣ +mΛ) = 1:152 GeV: (48)
























































































2; Q2; x) + aB5 C
11
K (p








2; Q2; x) + bB5 D
22
K (p
2; Q2; x); (55)
Dn1n2Φ (p









2; Q2; x) =
2Dn1n2Φ (p
2; Q2; x)
wn1Φ (p2) + w
n2
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2; Q2; x) + bB10D
22
K (p
2; Q2; x): (65)
The magnetic moments B of the baryon octet are given by the expression (in
























































is the leading-order contribution to the baryon magnetic moment. The factor








denes the NLO correction to the baryon magnetic moments due to the modi-
cation of the quark WF (see Eq. (15)). The constants kBi are given in Table 3.
4 Numerical Results
Numerical results for the magnetic moments, charge and magnetic radii of the
baryon octet are given in Tables 4, 5 and 6 respectively. The total contributions
to the electromagnetic properties are separated into two parts: the leading-order
(LO) one due to the three quark core contribution and the next-to-leading or-
der (NLO). The NLO contribution includes the corrections due to the renor-
malization of the quark WF (NLO;3q), the three-quark counterterm (CT), the
meson-cloud diagram (MC), the vertex-correction diagram (VC), and the meson-
in-flight diagram. The range of our numerical results is due to variation of the
size parameter R in the region 0.55 - 0.65 fm. The mesonic contributions to the
http://link.springer.de/link/service/journals/10105/index.html
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baryon magnetic moments are of the order of 20 - 40 % (except for − they con-
tribute only 3 %). Hence, meson cloud corrections generate a signicant influence
on baryon magnetic moments. Our results for the baryon magnetic moments are
in good agreement with the experimental data. Mesonic contributions to the
charge radii of charged baryons are also of 20 - 40 % (except for − where they

















Our result for the proton and − charge radii squared are in good agreement
with the experimental data. In the isospin limit the three-quark core does not
contribute to the charge radii of neutral baryons. Only the meson cloud generates
a nonvanishing value for the charge radii of these baryons. Since we restrict the
quark propagator to the ground state contribution the meson-cloud eects give
a small value for the neutron charge radius squared. We found that the result
of the neutron charge radius can be improved by including excited states in
the quark propagator. In Table 5 we give a comparison of our results for the
neutron charge radius squared with the experimental value. The value, where the




Contributions from excited states (we have use 1p1/2, 1p3/2, 1d3/2, 1d5/2 and
2s1/2) are denoted by
〈
r2E
n(ES). Exemplied for the neutron charge radius, we
conclude that excited state contributions can also generate sizable corrections
when the LO results is vanishing. In a further eort we intend to improve our
calculations to the whole baryon octet by adding the excited states to the quark
propagator. For 0,  and 0 we predict that their charge radii squared have a













The mesons also play a very important role for the baryon magnetic radii where
they contribute up to 50 %. Our result for the magnetic radius of − is quite
small compared to the other’s because the meson-cloud contribution comes with
a negative sign. Results for the magnetic radii squared of the proton and neutron
are in good agreement with the experimental data. The Q2-dependence of the
charge and magnetic form factors are shown in Figs. 2, 3, 4, 5 and 6. In Fig. 3
we compare our result for the neutron charge form factor to the experimental
data varying the parameter R. Results are given for the case, where the quark
propagator is restricted to the ground state. We separate the graphs for the
charged and neutral baryons by using a proper normalization and compare to






We apply the PCQM to calculate the charge and magnetic form factors of the
baryon octet up to one loop perturbation theory. Furthermore, we analyze the
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magnetic moments, charge and magnetic radii. We demonstrated that meson
cloud corrections play a sizable and important role in reproducing the exper-
imental values both for magnetic moments and for the chargenmagnetic radii.
The magnetic moments of the baryon octet can be reproduced rather well. Also,
charge and magnetic radii are explained with the PCQM, when the LO contri-
bution, that is the valence quarks, dominates as soon as the LO result vanishes,
meson cloud corrections which then control the observable tend to be sensitively
influenced by the possible contributions of excited states in the loop diagrams.
We demonstrated this eect for the case of the neutron charge radius, where
inclusion of the excited states tend to improve the model result. Further investi-
gations, which concern the role of excited states in calculating baryon observables
are currently in progress.
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Table 1. The constants aBi for the charge form factors G
B
E of the baryon octet.
p n + 0 −  0 − 0
a1 1 0 1 0 -1 0 0 -1 0
a2 1 0 4/3 1/3 -2/3 1/3 2/3 -1/3 0
a3 0 0 -1/3 -1/3 -1/3 -1/3 -2/3 -2/3 0
a4 1 -1 2 0 -2 0 1 -1 0
a5 2 1 1 0 -1 0 -1 -2 0
a6 1/2 1 0 1/2 1 1/2 0 1/2 0
a7 -1 -1 -1/3 -1/3 -1/3 -1/3 1/3 1/3 0
a8 1/6 0 0 -1/6 -1/3 -1/6 -1/3 -1/2 0
Table 2. The constants bBi for the magnetic form factors G
B
M of the baryon
octet.
p n + 0 −  0 − 0
b1 1 -2/3 1 1/3 -1/3 -1/3 -2/3 -1/3 -
p
3/3
b2 1 -2/3 8/9 2/9 -4/9 0 -2/9 1/9 -
p
3/3
b3 0 0 1/9 1/9 1/9 -1/3 -4/9 -4/9 0
b4 1 -1 4/5 0 -4/5 0 -1/5 1/5 -2
p
3/5
b5 4/5 -1/5 1 3/5 1/5 -3/5 -1 -4/5 -
p
3/5
b6 1/18 -2/9 0 -1/9 -2/9 0 0 1/18 -
p
3/18
b7 1/9 1/9 5/27 5/27 5/27 -1/9 -5/27 -5/27 0
b8 -1/18 1/27 -2/27 -1/27 0 2/27 1/9 5/54
p
3/54
b9 1 -1 0 0 0 0 0 0 -
p
3/3
b10 0 0 1 1 1 -1 -1 -1 0
Table 3. The constants kBi for the magnetic moment B of the baryon octet.
p n + 0 −  0 − 0
k1 26 21 24 24 24 30 9 -6 24
k2 16 21 50/3 14 22 0 25 32 18
k3 4 4 16/3 8 0 16 12 20 4
k4 11 -11 4 3 -4 -3 -1 1 -4
p
3
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Table 4. Results for the magnetic moments B of the baryon octet in our model
calculation. The total result (Total) consist of the leading-order (LO) contribu-
tion due to the three-quark core and the next-to-leading-order (NLO) one due
to the summation of the meson-cloud eects. The corresponding experimental
data are given in the last column (in units of the nucleon magneton N ).
LO NLO Total Exp [9]
p 1.80  0.15 0.80  0.12 2.60  0.03 2.793
n -1.20  0.10 -0.78  0.12 -1.98  0.02 -1.913
Σ+ 2.28  0.19 0.47  0.10 2.75  0.09 2.458  0.010
Σ0 0.76  0.06 0.29  0.07 1.05  0.01 |
Σ− -0.76  0.06 -0.32  0.02 -1.08  0.05 -1.160  0.025
Λ -0.71  0.06 -0.18  0.09 -0.89  0.03 -0.613  0.004
Ξ0 -1.69  0.14 -0.05  0.11 -1.74  0.03 -1.250  0.014
Ξ− -0.85  0.07 0.17  0.07 -0.68  0.01 -0.651 0.003
jΣ0Λj 1.28  0.11 0.62  0.09 1.89  0.01 1.61  0.08
Table 5. Results for the charge radii squared
〈
r2E
B of the baryon octet. Other-
wise, LO and NLO contributions are indicated as in Table 4. Experimental data
are given in the last column (in units of fm2).
LO NLO Total Exp [9]〈
r2E
p 0.60  0.10 0.12  0.01 0.72  0.09 0.760.02〈
r2E
n(GS) 0 -0.043  0.004 -0.043  0.004〈
r2E
n(ES) 0 -0.068  0.013 -0.068  0.013〈
r2E
n(Total) 0 -0.111  0.014 -0.111  0.014 -0.1160.002〈
r2E
Σ+ 0.60  0.10 0.21  0.004 0.81  0.10 |〈
r2E
Σ0 0 0.050  0.010 0.050  0.010 |〈
r2E
Σ− 0.60  0.10 0.11  0.03 0.71  0.07 0.61  0.21 [1]〈
r2E
Λ
0 0.050  0.010 0.050  0.010 |〈
r2E
Ξ0 0 0.14  0.02 0.14  0.02 |〈
r2E
Ξ− 0.60  0.10 0.02  0.03 0.62  0.07 |〈
r2E
Σ0Λ 0 0 0 |
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Table 6. Results for the magnetic radii squared
〈
r2M
B of the baryon octet.
Total result consists of LO and NLO contributions as in Table 4. Experimental
data are given in the last column (in units of fm2).
LO NLO Total Exp〈
r2M
p 0.370.09 0.370.02 0.74 0.07 0.740.10 [10]〈
r2M
n 0.330.08 0.460.01 0.79 0.07 0.760.02 [11]〈
r2M
Σ+ 0.450.10 0.190.02 0.64 0.08 |〈
r2M
Σ0
0.390.10 0.300.03 0.69 0.07 |〈
r2M
Σ− 0.380.08 0.400.01 0.78 0.07 |〈
r2M
Λ 0.440.12 0.210.07 0.65 0.05 |〈
r2M
Ξ0 0.520.12 0.020.05 0.54 0.06 |〈
r2M
Ξ− 0.670.17 -0.350.13 0.32 0.04 |〈
r2M
Σ0Λ 0.360.09 0.390.02 0.75 0.07 |
Fig. 1. Diagrams contributing to the charge and magnetic form factors of the
baryon octet: three-quark diagram (a), three-quark counterterm diagram (b),
meson-cloud diagram (c), vertex correction diagram (d), and meson-in-flight
diagram (e).
http://link.springer.de/link/service/journals/10105/index.html



























Fig. 2. The charge form factors GBE(Q
2) for B = p, +, − and − for R =
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4
R = 0.55 fm
R = 0.60 fm
























Fig. 3. The neutron charge form factors GnE(Q
2) for dierent values of R = 0.55,
0.6, and 0.65 fm. Experimental data are taken from [12](MAMI-1), [13](MAMI-
2), [14](MAMI-3), [15](MAMI-4), and [16](MIT).
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Fig. 4. The charge form factors GBE(Q
2) for B = n, 0,  and 0 at R = 0.6
fm.
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Fig. 5. The normalized magnetic form factors GBM (Q
2)=B for B = p, +, −
and − at R = 0.6 fm in comparison to the dipole t GD(Q2).
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Fig. 6. The normalized magnetic form factors GBM (Q
2)=B for B = n, 0, 
and 0 at R = 0.6 fm as compared to the dipole t GD(Q2).
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